The pinning effect of cerium inclusions in the austenite grain growth of SS400 steel at 1300 • C is investigated by using a semi-empirical-simulation. Firstly, steel samples containing cerium inclusions are prepared; then the properties of inclusions are determined using SEM. In situ observation of austenite grain growth is performed by LSCM, to determine the fitting parameters of the model such as the grain mobility and the pinning parameter. These parameters are directly inserted into our phase field simulation. The time-dependent Ginzburg-Landau (TDGL) equation is implemented in our phase field model, where the effects of inclusion and grain boundary interaction are inserted as a potential term in the local free energy. The results proved that the optimal size of austenite grains can be achieved by changing the volume fraction of inclusions. In fact, by increasing the volume fraction of inclusions from 0 to 0.1, the austenite grain growth can be decreased where the boundary mobility reduces from 2.3×10 −12 m 4 /Js to 1.0×10 −12 m 4 /Js. The results also demonstrated that increasing the temperature can provide more energy for grain to overcome the inclusions' pinning force. Moreover, it was shown that the classical Zener model, R c = 0.45r p f −1 i , describes the pinning effect of cerium inclusions.
Introduction
SS400 steel is a constructional grade ferritic-pearlitic steel [1] . This kind of steel has wide applications in land vehicles and structures. One of the heat treatment processes of steel and other ferrous alloys is the austenitization process, where these materials are heated above their critical temperatures long enough for a ferrite to austenite transformation to take place [2, 3] . The purpose of austenitizing steel and other ferrous alloys is to transform them into the required shape and provide proper strength and resistance to the material [2] . In fact, changing the phase from ferrite to austenite can happen from 912 • C to~1400 • C, when the Body Centered Cubic (BCC) phase changes to the Face-Centered Cubic (FCC) austenite steel (gamma steel) [4] .
To date, different studies have been performed to investigate the controlling of the austenite grain size during the austenitizing process of the steels [5] [6] [7] [8] . The reason of these numerous interests is the important impact of grain size on diffusive and diffusionless phase transformations, precipitation, and mechanical properties such as toughness, ductility, strength, and hardness [7] . Increasing the grain size will result in the reduction of these mechanical properties. Moreover, very small grains decrease the hardenability of the steel. As a result, the proper size of grains is desired to reach to proper mechanical properties [7, 9] . The problem is that grain growth can easily occur after the reverse transformation during the austenitization process, even for fine austenite grain sizes, which in turn decreases the grain boundary free energy by thermally activated atomic processes. As a result, controlling the grain growth rate presents an important issue for many researchers. Adding alloying elements in carbon steel to reduce the grain growth rate due to the pinning of grain boundaries by means of inclusions can be one of the promising methods in this regard [7, [9] [10] [11] .
In order to determine or modify the final properties of steel, austenite grain morphology and austenite average grain size are important parameters that need to be taken into consideration. In fact, during the cooling process from the austenitization temperature to the room temperature, the ferrite phase is homogenously nucleated on the grain boundaries, edges, and corners [5, 11] . Therefore, fewer grain boundaries, corners, and edges lead to a lower ferrite nucleation rate. During austenitization, the normal grain growth behavior is governed in the steel [5] . The normal grain growth means there are different grains with different crystallographic orientations. At high temperatures, small grains shrink and large grains grow larger [12] .
Recently, much attention has been drawn to using different simulation techniques such as phase-field modeling in order to predict the microstructure and estimate the grain size in grain growth, for instance [6, [12] [13] [14] . Investigating the growth laws of austenite and establishing the mathematical model to predict grain growth behavior under different temperatures and holding times are thus necessary [15] . More investigations on the kinetic metallurgical transformation is needed to gain a well-microstructured product. The effect of adding cerium on the microstructure and morphology of Ce-based inclusions formed in low-carbon steel was discussed in our previous paper [16] . In this study, the 2D kinetics of grain growth is studied using many orientation field variables obtained by solving the time-dependent Ginzburg-Landau (TDGL) equations [13] . The grain boundary mobility, M, is obtained using the fitting parameter for experimental values of interface motion extracted from the in situ observation of austenite grain growth under confocal microscopy.
Procedure

Phase Field Model
In this study, phase field modeling is used to simulate the grain growth. The phase of steel during the austenite grain growth is considered as a single phase. In this condition, the microstructure can be reproduced by a set of p phase-field variables:
where x indicates space and t denotes time. The phase-field variables, η, are continuous in space and time. The time-dependent Ginzburg-Landau equation is used to calculate the evolution of the phase field variables [12, 17] :
where F is the free energy and M is the grain mobility. Inside the grain i labelled by η i , the value for η i is considered 1, and through the boundary the value of η i changes from 1 to 0. Furthermore, inside the grain i, the value of all other phase field variables η j (j = i) is zero. The free energy, F, is a function of the phase-field variables and their gradients, which are defined as below [12] :
where k i is the gradient energy coefficient and f 0 is the local free energy density. f 0 should be defined in such a way that p minima with equal depth, f min , is located at (η 1 , η 2 , . . . , η p ) = (1, 0, . . . , 0), (0, 1, . . . , 1), . . . , (0, 0, . . . , 1), and takes into account the grain boundary and inclusion interactions. Here, the local free energy is defined as below [14] :
In this definition, ϕ(x) is greater than zero inside the inclusions and zero outside them. For ϕ(x) > 0, f 0 has a minimum at (η 1 , η 2 , . . . , η p ) = (0, 0, . . . , 0). Finally, using Equations (1)- (4), the reaction-diffusion partial differential equations can be rewritten as below:
For all the simulations, a 200 × 200 grid is made where p, ∆t, and ∆x are considered as 20,000, 0.1 s, and 5 µm, respectively. In fact, ∆x is considered as the average inclusion size. The gradient energy coefficient, k i , and the pinning parameter, ϕ(x), are treated as the fitting parameters, which are adjusted so that the average γ grain size coincides with the experimental value. In addition, the initial grain size is also selected based on experimental observations. As shown in Figure 1 , the pinning effect only applies to the grain boundaries if the grain boundaies meet the grid including the inclusion.
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In this definition, ( ) is greater than zero inside the inclusions and zero outside them. For ( ) > 0 , 0 has a minimum at ( 1 , 2 , . . . , ) = (0,0,…,0). Finally, using Equations (1)-(4), the reaction-diffusion partial differential equations can be rewritten as below:
For all the simulations, a 200 × 200 grid is made where p, Δt, and Δx are considered as 20,000, 0.1 s, and 5 µ m, respectively. In fact, Δx is considered as the average inclusion size. The gradient energy coefficient, , and the pinning parameter, ( ), are treated as the fitting parameters, which are adjusted so that the average γ grain size coincides with the experimental value. In addition, the initial grain size is also selected based on experimental observations. As shown in Figure 1 , the pinning effect only applies to the grain boundaries if the grain boundaies meet the grid including the inclusion. 
Experimental Procedure
A wide range of samples with different amount of cerium are prepared. To prepare the samples, a vacuum induction furnace (100 kHz) is used to melt commercial SS400 steel at 1873 K. Then, the melt was deoxidized by adding different amount of cerium powder wrapped in pure aluminum foil (99.99%). The whole process is conducted under an argon gas atmosphere. Changing the S/O ratio results in controlling the type of inclusions. Finally, the furnace power is turned off and the crucible with the melt is slowly cooled down in the furnace, and then quenched with water. More details about the composition of all samples can be found on our previous work [16] . In this paper, we used the sample with 235 ppm cerium, with the composition of 0.201 C, 1.300 Mn, 0.400 Si, 0.200 Al, 0.0060 P, 0.0049 S, and 0.0007 O.
In order to determine the inclusion properties, samples are ground and polished using a diamond compound to be prepared for performing SEM-EDS. Then, inclusions properties are determined by means of SEM (JSM-6301F, Japan Electronics Corporation, Tokyo, Japan) equipped 
In order to determine the inclusion properties, samples are ground and polished using a diamond compound to be prepared for performing SEM-EDS. Then, inclusions properties are determined by means of SEM (JSM-6301F, Japan Electronics Corporation, Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy (EDX). Cubic samples with a size of 1 × 1 × 1 cm 3 are cut from steel samples. Then, the samples are ground and polished carefully using 3 and 1 µm diamond compounds. Laser Scanning Confocal Microscopy (LSCM) is used to carry out the in situ observation of microstructure transformation on cylindrical specimens, 7 mm in diameter and 5 mm in length. Then, the surface of samples is ground and polished to minimize the surface roughness. The samples are heated in LSCM under the argon atmosphere to avoid oxidation. The heating rate is considered to be 5 • C/s while samples are kept at 1300 • C for 20 min. After in situ observation, the samples are cooled to room temperature. Metallographic observations are carried out on the specimens subjected to the casted state. The statistics of grain size and inclusions are examined by using image statistical analysis. Figure 2 shows the flow chart to summarize the approach used in this study for the simulation of the pinning effect of cerium inclusions on austenite grain growth. Some assumptions for coupling experiments and the phase field model are considered as below:
Inclusions have a spherical shape. -
The pinning effect only acts on boundaries when grain boundaries meet the inclusion, otherwise the pinning force is zero. -
The size of the inclusion is similar or equal to the average size of the inclusion detected by the experiments. -Inclusions are randomly distributed.
Crystals 2017, 7, 308 4 of 9 with energy dispersive X-ray spectroscopy (EDX). Cubic samples with a size of 1  1  1 cm 3 are cut from steel samples. Then, the samples are ground and polished carefully using 3 and 1 m diamond compounds. Laser Scanning Confocal Microscopy (LSCM) is used to carry out the in situ observation of microstructure transformation on cylindrical specimens, 7 mm in diameter and 5 mm in length. Then, the surface of samples is ground and polished to minimize the surface roughness. The samples are heated in LSCM under the argon atmosphere to avoid oxidation. The heating rate is considered to be 5 °C/s while samples are kept at 1300 °C for 20 min. After in situ observation, the samples are cooled to room temperature. Metallographic observations are carried out on the specimens subjected to the casted state. The statistics of grain size and inclusions are examined by using image statistical analysis. Figure 2 shows the flow chart to summarize the approach used in this study for the simulation of the pinning effect of cerium inclusions on austenite grain growth. Some assumptions for coupling experiments and the phase field model are considered as below:
Inclusions have a spherical shape.
-
The pinning effect only acts on boundaries when grain boundaries meet the inclusion, otherwise the pinning force is zero.
The size of the inclusion is similar or equal to the average size of the inclusion detected by the experiments.
Inclusions are randomly distributed. 
Discussion
Inclusion Properties
The SEM results proved that the inclusions were mainly Ce2O2S, CeO2, and Ce2O3, with an average diameter of 5 µ m. Figure 3 shows the morphology of inclusions inside the SS400. Moreover, samples with different inclusion volume fractions were obtained by adding different amounts of cerium, where the inclusion volume fraction can be changed from 0 (commercial SS400) to 0.1 (with a high amount of cerium added). 
Discussion
Inclusion Properties
The SEM results proved that the inclusions were mainly Ce 2 O 2 S, CeO 2 , and Ce 2 O 3 , with an average diameter of 5 µm. Figure 3 shows the morphology of inclusions inside the SS400. Moreover, samples with different inclusion volume fractions were obtained by adding different amounts of cerium, where the inclusion volume fraction can be changed from 0 (commercial SS400) to 0.1 (with a high amount of cerium added). 
The Boundary Mobility
At austenite temperature, the boundary moves as a result of acting driving pressure, P. The velocity of boundary is given as [18] :
where M is the boundary mobility. The boundary mobility is a function of temperature and can be expressed by Equation (7) [18]:
where T is temperature, M0 is a constant, Q is the activation energy for boundary migration, and R is the gas constant. The velocity of the grain boundary depends on the net pressure acting on the grain boundary, given by [19] :
D is the mean volumetric grain diameter, ∝ is the dimensionless geometric constant, and is the grain boundary energy. The boundary mobility can be determined by the in situ observation of grain growth using LSCM. In this study, the changing of austenite grain size for samples is calculated for the samples held at 1300 °C for 20 min. Then, using the following equation, the velocity of the grain boundary is calculated:
The corresponding driving pressure for boundary migration is also calculated by Equation (8) . The boundary velocity is linearly proportional to the driving force and the slop of this line is the boundary mobility. In this condition, the boundary mobility at austenite temperature 1300 °C is found to be 2.3 (×10 −12 ) m 4 /Js. More details on the procedure of the boundary mobility calculations can be found in Figure 2 . The initial commercial SS400 grain size and the grain size after 20 min heating at 1300 ℃ are shown in Figure 4 . The initial grain size and grain size at the end of austenatization are found ~85 and ~97 µ m, respectively. The results show that large grains start to grow while small grains will shrink. 
where T is temperature, M 0 is a constant, Q is the activation energy for boundary migration, and R is the gas constant. The velocity of the grain boundary depends on the net pressure acting on the grain boundary, given by [19] :
D is the mean volumetric grain diameter, ∝ is the dimensionless geometric constant, and γ is the grain boundary energy. The boundary mobility can be determined by the in situ observation of grain growth using LSCM. In this study, the changing of austenite grain size for samples is calculated for the samples held at 1300 • C for 20 min. Then, using the following equation, the velocity of the grain boundary is calculated:
The corresponding driving pressure for boundary migration is also calculated by Equation (8) . The boundary velocity is linearly proportional to the driving force and the slop of this line is the boundary mobility. In this condition, the boundary mobility at austenite temperature 1300 • C is found to be 2.3 (×10 −12 ) m 4 /Js. More details on the procedure of the boundary mobility calculations can be found in Figure 2 . The initial commercial SS400 grain size and the grain size after 20 min heating at 1300 • C are shown in Figure 4 . The initial grain size and grain size at the end of austenatization are found~85 and~97 µm, respectively. The results show that large grains start to grow while small grains will shrink. 
Adjusting the Simulation
The size of inclusions is obtained from SEM, while the inclusion location and initial austenite grain size is obtained by LSCM. Grain mobility obtained from in situ observation and temperature history for austenitization are inserted into our simulation. Then, the grain size and inclusion position related to grain boundaries are compared between the simulation and in situ observations. For = 2, the experimental results and simulation show the same behavior. One of the corresponding results of this linking is demonstrated in Figure 5 . For both the simulation and experiment, the inclusions are located on the grain boundary more than inside the grains. This proves that inclusions interact with the grain boundary. In fact, during grain growth, the inclusions have a strong pinning effect on the grain boundaries. If the grain boundaries do not have enough driving energy, grain growth will stop. Figure 6 shows two real inclusions located on the grain boundaries observed by SEM. 
The size of inclusions is obtained from SEM, while the inclusion location and initial austenite grain size is obtained by LSCM. Grain mobility obtained from in situ observation and temperature history for austenitization are inserted into our simulation. Then, the grain size and inclusion position related to grain boundaries are compared between the simulation and in situ observations. For ϕ = 2, the experimental results and simulation show the same behavior. One of the corresponding results of this linking is demonstrated in Figure 5 . 
The size of inclusions is obtained from SEM, while the inclusion location and initial austenite grain size is obtained by LSCM. Grain mobility obtained from in situ observation and temperature history for austenitization are inserted into our simulation. Then, the grain size and inclusion position related to grain boundaries are compared between the simulation and in situ observations. For = 2, the experimental results and simulation show the same behavior. One of the corresponding results of this linking is demonstrated in Figure 5 . For both the simulation and experiment, the inclusions are located on the grain boundary more than inside the grains. This proves that inclusions interact with the grain boundary. In fact, during grain growth, the inclusions have a strong pinning effect on the grain boundaries. If the grain boundaries do not have enough driving energy, grain growth will stop. Figure 6 shows two real inclusions located on the grain boundaries observed by SEM. For both the simulation and experiment, the inclusions are located on the grain boundary more than inside the grains. This proves that inclusions interact with the grain boundary. In fact, during grain growth, the inclusions have a strong pinning effect on the grain boundaries. If the grain boundaries do not have enough driving energy, grain growth will stop. Figure 6 shows two real inclusions located on the grain boundaries observed by SEM. 
The Effect of Inclusion Volume Fraction
In order to investigate the inclusion volume fraction, three different simulations were performed for fi equal to 1, 0.05, 0.03. The grain morphology was simulated at 1300 °C and held for 1200 s. All other parameters were set as described before. Figure 7 shows the grain structure for different volume fractions of inclusions. The results show that as the volume fraction of inclusions increases, the final grain size decreases. In fact, due to the presence of inclusions, the grain boundary movements face barriers. When the grain boundary reaches the inclusion, the inclusion applies force on it. Then, the grain boundary needs more driving force to overcome the effect of inclusion. More inclusions result in the application of a greater pinning effect on the grain boundaries and consequently a decrease in grain growth. The results shown in Figure 7f reveal an interesting issue. By increasing the volume fraction of inclusions, the variation in the grain size distribution decreases. This means that, although the presence of inclusions leads to a reduction in grain size, at the same time the grain size is more homogenous. The boundary mobility is also shown in Figure 7f . Obviously, the inclusion decreases the grain boundary mobility as expected. 
In order to investigate the inclusion volume fraction, three different simulations were performed for f i equal to 1, 0.05, 0.03. The grain morphology was simulated at 1300 • C and held for 1200 s. All other parameters were set as described before. Figure 7 shows the grain structure for different volume fractions of inclusions. The results show that as the volume fraction of inclusions increases, the final grain size decreases. In fact, due to the presence of inclusions, the grain boundary movements face barriers. When the grain boundary reaches the inclusion, the inclusion applies force on it. Then, the grain boundary needs more driving force to overcome the effect of inclusion. More inclusions result in the application of a greater pinning effect on the grain boundaries and consequently a decrease in grain growth. The results shown in Figure 7f reveal an interesting issue. By increasing the volume fraction of inclusions, the variation in the grain size distribution decreases. This means that, although the presence of inclusions leads to a reduction in grain size, at the same time the grain size is more homogenous. The boundary mobility is also shown in Figure 7f . Obviously, the inclusion decreases the grain boundary mobility as expected. 
In order to investigate the inclusion volume fraction, three different simulations were performed for fi equal to 1, 0.05, 0.03. The grain morphology was simulated at 1300 °C and held for 1200 s. All other parameters were set as described before. Figure 7 shows the grain structure for different volume fractions of inclusions. The results show that as the volume fraction of inclusions increases, the final grain size decreases. In fact, due to the presence of inclusions, the grain boundary movements face barriers. When the grain boundary reaches the inclusion, the inclusion applies force on it. Then, the grain boundary needs more driving force to overcome the effect of inclusion. More inclusions result in the application of a greater pinning effect on the grain boundaries and consequently a decrease in grain growth. The results shown in Figure 7f reveal an interesting issue. By increasing the volume fraction of inclusions, the variation in the grain size distribution decreases. This means that, although the presence of inclusions leads to a reduction in grain size, at the same time the grain size is more homogenous. The boundary mobility is also shown in Figure 7f . Obviously, the inclusion decreases the grain boundary mobility as expected. Figure 8 shows the grain morphology of SS400 held for 600 s at temperatures of 1300, 1250, and 1100 • C. For all cases, the volume fraction of inclusions is 3. Moreover, the location of the inclusions is random and the same for all three temperatures. The points indicted by the white arrows show clear differences between the grain evolutions at different temperatures. It seems that at higher temperatures, grains have more driving force to overcome the inclusion drag force. At lower temperatures, grains do not have enough driving energy to pass the inclusions. Another interesting issue is the location of inclusions is related to the grains. The inclusions are located not only at the meeting points of two grains, but also at those of three or four grains.
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Crystals 2017, 7, 308 8 of 9 Figure 8 shows the grain morphology of SS400 held for 600 s at temperatures of 1300, 1250, and 1100 °C. For all cases, the volume fraction of inclusions is 3. Moreover, the location of the inclusions is random and the same for all three temperatures. The points indicted by the white arrows show clear differences between the grain evolutions at different temperatures. It seems that at higher temperatures, grains have more driving force to overcome the inclusion drag force. At lower temperatures, grains do not have enough driving energy to pass the inclusions. Another interesting issue is the location of inclusions is related to the grains. The inclusions are located not only at the meeting points of two grains, but also at those of three or four grains. 
Zener Pinning Model
According to the Zener pinning prediction [20, 21] , normal grain growth is inhibited when the grain radius reaches a critical value of Rc [22] :
where is the inclusions radius (here 2.5 µ m), is the volume fraction of inclusions, and K is a constant value. According to our simulation K is approximately 0.45. Then the critical value for modified SS400 with a 5-µm cerium inclusion at 1300 °C is 0.45 .
Conclusions
A combined phase field and experimental study is presented in this work. SS400 commercial steel is modified by adding cerium in order to produce different types of inclusions inside it. To determine the properties of the inclusions and austenite grains, different characterization methods are applied, including LSCM for in situ observation and SEM analysis for the determination of the size and type of inclusions. A semi-empirical-simulation is performed to investigate the pinning effect of inclusions on austenite grain growth. This pinning effect is found to be strong enough to decrease grain growth at 1300 °C. In addition, the results showed that at lower temperatures, the pinning effect is enhanced and a smaller grain size is obtained. According to our results, changing the volume fraction of inclusions results in achieving the optimal size of austenite grains. Moreover, the increasing of temperature would provide more energy for the grain to conquer the pinning forces of the inclusion. In summary, the results of this work show that the austenitization temperature, austenitization time, and inclusion volume fraction can be considered as three important parameters influencing the austenite grain size.
